Sputtering as a method of growing semiconductor epitaxial layers has received very little attention compared with the more widely used methods of chemical transfer and vacuum-evaporation. Silicon layers showing preferred orientation have been grown by triode-sputtering [1], but there is no published account of good quality epitaxial silicon layers grown by any sputtering techniques. Only limited information is available on the growth of epitaxial layers of some of the other semiconducting materials such as Ge [2] [3] [4] [5] [6] and GaAs [7]. The twinning and high fault density present in these layers could be due to inherent limitations in the diode-and triodesputtering techniques used. These limitations are high operating pressures, low deposition rates and limited control of unwanted primary and secondary ions incident on the substrate surface. In the present work, high quality epitaxial silicon layers have been grown by a novel technique of sputtering by an argon ion beam of high current density in a vacuum in the range of 10 .4 torr and at controlled rates of up to 400 A per min. The bombardment of the substrate surface by positive ions during deposition, which has been shown to have an adverse effect on the quality of the layers, has been eliminated.
Growth of Epitaxial Silicon Layers by Ion Beam Sputtering
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A schematic diagram of the sputtering arrangement is shown in fig. 1 . Argon at a pressure of a few tenths of a torr was leaked into the ionisation chamber of an ion-beam source developed from the design of Nelson and Hill [8] . The electrons emitted from the heated tantalum filament ionised the argon atoms which were concentrated along the central axis of the chamber d~e to the magnetic field of the current 1016 through the filament. The extraction electrode at earth potential extracted a fraction of these ions from the ionisation chamber which was held at + 9 kV. A pressure in the range of 10 .4 torr was maintained in the vacuum chamber by pumping argon at about 1801/sec with a helium cryopump and by limiting the leakage of argon from the ionisation chamber only through the 2 mm aperture of the ionisation chamber. The ionsource was bakable to over 400 ~ C and was water-cooled during the operation to reduce the contamination from it to a minimum. Contamination from the sputtering of the tantalum filament was minimised by maintaining the filament bias with respect to the ionisation chamber at 20 V, which is well below the threshold voltage for sputtering of tantalum of 26 V [9]. Another source of impurity was found to be due to the sputtering of the edge of the 3 mm aperture of the extraction electrode due to the tendency of the high-current-density ion-beams to diverge. To minimise this divergence, and hence the sputtering of the aperture, optimum values of angles for the electrodes were determined experimentally and were found to be ~1 = 30~ ~b2 = 32 ~ and ~3 = 42~ The emerging ion beam of between 3 and 8 mA bombarded the central region of a silicon target, a slice of silicon 32 mm in diameter and 3 mm thick, at energy of 12 keV and an angle of 60 ~ to the target normal. The silicon sputtered from the target was deposited on a (11 1) surface of a single crystal silicon slice 32 mm in diameter and 0.25 mm thick, placed above the target. The slice was heated by focused radiation from outside the vacuum and was held at + 9 kV to prevent it from being bombarded by positive ions. Before deposition, the slice was cleaned by flashing it at 1100 ~ C for 2 min in a vacuum of 10 -s torr and the target was 9 1970 Chapman and Hall Ltd. cleaned by bombarding it for 10 min with the ion beam with the shutter closed. Silicon layers were deposited at substrate temperatures of between 700 and 900 ~ C at rates of up to 400 A. per min and were examined by transmission electron miroscopy. There was found to be a transition from polycrystalline to single crystal in the temperature range of 700 to 730 o C. The appearance of the layer was indistinguishable from that of the chemically polished substrate. The single crystal layers were free from twinning, included grains and stacking faults. The layers, however, contained a number of small crystallographic defects the nature of which is not clearly understood. A more detailed investigation of these layers will be published in a later paper. Both p type layers on n type substrates and n type layers on p type substrates have been deposited. The mesa section (,-~ 1 mm diameter) exhibited sharp diode characteristics, giving reverse breakdown voltages of between 30 and 150 V. The reverse current at voltages just below the breakdown voltages were about 10 FA. As this reverse current varied significantly with the applied voltage, a large fraction of this reverse current could be due to surface leakage.
The layers grown with substrate at eartb potential were heavily twinned and had a high stacking fault density. This is attributed to the bombardment of the surface by high energy, positive ions. The substrate ion current due to these ions was as high as 100 FA.
This technique of sputtering is particularly suitable for compound semiconductors. Some initial work on GaAs by this technique, to be reported later, has produced stoichiometric layers. The main reason for starting with silicon was to show that the technique is capable of achieving the extremely high purity required for semiconductor applications.
